Recently, perovskite related BaPbO3 has attracted attention due to its hidden topological properties and, moreover, has been used as a thin layer in heterostructures to induce two-dimensional superconductivity. Here we investigate the normal state electronic transport properties of thin films of BaPbO3. Temperature and magnetic field dependent sheet resistances are strongly affected by two-dimensional quantum effects. Our analysis decodes the interplay of spin-orbit coupling, disorder, and electron-electron interaction in this compound. Similar to recently discussed topological materials, we find that weak antilocalization is the dominant protagonist in magnetotransport, whereas electron-electron interactions play a pronounced role in the temperature dependence. A systematic understanding of these quantum effects is essential to allow for an accurate control of properties not only of thin films of BaPbO3, but also of topological heterostructures.
I. INTRODUCTION
Oxide heterostructures serve as a new source of functionality by combining intrinsic physical properties of different compounds in epitaxially grown artificial materials 1,2 . Novel intriguing qualities emerge from the tunability of coupled degrees of freedom like charge, spin and orbital degrees, or by reduced dimensionality 3 . Oxide heterostructures with their interfaces can do even more to realize multi-functional devices: as compared to, e. g., semiconductor heterostructures, they allow for emergent electronic phases that are not stable in the bulk. Such electronic phases can be well constrained on the nanoscale, often being correlated electronic systems driven by electronic reconstruction [4] [5] [6] . Moreover, the inversion symmetry is generically broken at these interfaces, leading to a strong Rashba-type spin-orbit coupling 7, 8 and inducing exotic spin textures or even superconducting states that are characterized by nontrivial values of topological invariants 9, 10 . Therefore, transport in these two-dimensional systems is intrinsically intriguing and quantum corrections have an immense impact on transport properties at low temperatures. Self-interference of extended electron waves or electron-electron interaction effects decide on metallic or insulating ground states. Specifically, disorder in twodimensional systems causes weak localization 8, 11, 12 and an insulating ground state 13, 14 , whereas its antagonist, weak antilocalization 8, 15, 16 , originating from a combination of disorder and spin-orbit coupling, results in a metallic ground state. In this context of quantum transport, the two perovskite-related compounds BaBiO 3 and BaPbO 3 are promising candidates to be studied: both are expected to preserve a "hidden" topological insulator phase when electron or hole doped 17, 18 . In BaPbO 3 -BaBiO 3 bilayers grown on SrTiO 3 substrates we recently observed two-dimensional superconductivity with maximum T c of 3.5 K, presumably induced by interfacial strain where BaPbO 3 is acting as a dopant layer 19 . This is astounding as BaBiO 3 is a charge-density wave ordered insulator [20] [21] [22] , whereas BaPbO 3 a metal which becomes superconducting only at temperatures below 0.5 K 23 . To gain a better control and understanding of heterostructures involving BaPbO 3 , we study the transport properties of a thin layer of BaPbO 3 on top of a SrTiO 3 substrate. Due to the strong spin-orbit coupling in BaPbO 3 layers, we expect a sizable weak antilocalization contribution in our samples at low temperatures. In this article, we show experimental data retrieved from magnetotransport measurements alongside the temperature dependence of the sheet resistance. Whereas metallic features of weak antilocalization dominate the magnetic field dependence, insulating features of electron-electron interaction predominate in controlling the temperature dependence of the resistance. It turns out that a thoughtful data analysis is necessary to explain the-at first sight contradicting-experimental results.
II. METHODS

A. Sample Growth
All thin films of BaPbO 3 were grown by pulsed laser deposition (PLD) using commercially available stoichiometric targets with purities of at least 99.95% at maximum achievable density. The surface of the targets were cleaned for each sample growth to maintain the quality of the samples. We used single crystalline 5 mm × 5 mm × 1 mm sized (001) oriented one-side polished SrTiO 3 crystals as substrates the surface of which were HF treated 24, 25 and annealed in oxygen in order to guarantee extensive TiO 2 termination. The substrates were fixed by silver paste on heating platforms before being transferred to the vacuum chamber. The substrates were heated to ≈ 552
• C either by resistive or laser heating controlled by pyrometers in about 45 min at an oxygen background pressure of at least 0.25 mbar. Our PLD system is equipped with a KrF excimer laser having a nominal fluency of 2 J cm −2 . During thin film growth of BaPbO 3 the oxygen background pressure was leveled to ≈ 1 mbar. The laser pulse energy was set to 550 mJ for all arXiv:1907.09839v1 [cond-mat.mes-hall] 23 Jul 2019 samples and the laser shot frequency was limited to 3 Hz. After thin film deposition the samples were cooled to 400
• C within 3 min and annealed at an oxygen background pressure of ≈ 400 mbar for at least 20 min before they freely cooled to room temperature.
B. Sample Preparation
The topography of the samples was routinely checked by atomic force microscopy (AFM). The grown BaPbO 3 thin films only display (00l) oriented peaks in X-ray diffraction (XRD) experiments. We used X-ray reflectometry (XRR) to check the film thicknesses of the samples, where we found the expected linear dependence of the film thickness in respect to the number of laser pulses used during film synthesis. The samples were patterned using standard photolithography and argon ion-etching resulting in measurement bars of about 200 µm in length and 50 µm in width. Transport properties were measured in a commercial 14 T PPMS in common four-point geometry.
III. IMPACT OF QUANTUM CORRECTIONS
A. Quantum Interference
Due to the strong atomic spin-orbit coupling of lead, as well as the broken inversion symmetry of the interface, D'yakonov-Perel spin relaxation 26 is expected to affect transport in BaPbO 3 thin films. In combination with disorder, the spin relaxation results in a signature of weak antilocalization (WAL) [27] [28] [29] [30] [31] , predicting a logarithmic decrease of the resistance upon cooling. In the presence of time-reversal symmetry breaking magnetic fields, the same correction causes a positive magnetoresistance that allows to extract the strengths of inelastic scattering as well as spin relaxation. An adequate description of the first order quantum correction to the conductivity of a two-dimensional system is given by the Iordanskii-Lyanda-Geller-Pikus theory 16, 32, 33 . The specific magnetic field dependence is sensitive to the winding number of the spin expectation value traced along the Fermi surface. In the case of a triple spin winding, which has been identified in several SrTiO 3 based two-dimensional systems 28, 30, 31 and is also in good agreement with our data, the Iordanskii-Lyanda-Geller-Pikus theory reproduces the analytical result of the HikamiNagaoka-Larkin theory 8 . The first order quantum correction to the conductivity in magnetic field B due to quantum interference (QI) is given by
with ψ being the digamma function. The effective magnetic fields are defined by
with D being the diffusion constant, τ o and τ i the elastic and inelastic scattering times and τ so the time scale associated with the D'yakonov-Perel spin relaxation 34 . For vanishing magnetic field, there are two relevant limits of Eq (1): B so B i , which relates to a metallic regime, and B so B i , which corresponds to an insulating regime 8, 15 . The correction describing the metallic regime is given by
By assuming an algebraic temperature dependence,
with temperature exponent α, the WAL quantum correction takes the form
where C WAL is a temperature independent constant. Equation (5) describes an increasing conductivity for decreasing temperature, indicating a metallic ground state. Note that the inelastic field does not necessarily vanish for zero temperature, due to a finite constant γ in Eq. (5). This has been observed in several magnetotransport measurements [35] [36] [37] . Also mind that the effect of spin-orbit coupling enters the conductivity correction in Eq. (5) only via the constant C WAL , whereas the inelastic scattering processes are essentially responsible for the temperature dependence.
For the insulating case of weak localization (WL; B so B i ), Eq. (1) reduces to
and in terms of a temperature dependent correction to the conductivity,
Equation (7) describes a decrease of conductivity when the temperature is lowered and is the well-known logarithmic correction of WL. We refer to the magnetoconductivity in magnetic fields
where Ψ(x) = ln(x) + ψ(
Note that in the metallic case (B so B i ), the conductivity up to quadratic order in the magnetic field is again driven by the inelastic scattering field, whereas the spin-orbit coupling fixes the prefactor,
As the magnetic field and temperature dependence of the conductivity originates from the same analytic expression of the quantum correction, we emphasize that the appearance of WAL in terms of a positive magnetoresistance is intrinsically connected to a logarithmic decrease of the sheet resistance for lower temperature.
B. Electron-Electron Interaction
A logarithmic increase in the sheet resistance for lower temperatures, however, cannot only be caused by WL, but also by electron-electron interaction (EEI) in the particle-hole channel. The corresponding correction to the conductivity in two dimensions is given by 11, 12, 38 δσ
where ζ is in the range between ζ = 1 without screening and ζ ∼ 0.35 for perfect screening, and C EEI is a temperature independent constant. Although the particle-hole channel is not sensitive to the magnetic field directly, a finite Zeeman splitting produces a magnetoconductivity following
forB = gµ B B/k B T . Therefore, magnetoresistance due to EEI is expected to grow monotonously with larger fields. This is in contrast with the decreasing magnetoresistance for higher magnetic fields in the case of WAL and, even more, with the negative progression of magnetoresistance for all magnetic fields in case of WL.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
Magnetotransport data taken on various BaPbO 3 thin film samples show no indication of multi-band behavior (see Appendix A). This is an advantage over the more complicated evaluation of multi-band systems, where not only the Hall effect 30 , but also supervening aspects of quantum corrections have to be considered 39 . The logarithmic dependences we find in the progression of the resistance towards lower temperatures are analyzed and quantitatively described by the quantum corrections discussed in Sec. III. In the following, we show data obtained on a d
A. Analysis of Magnetoresistance
The magnetoresistance data are positive for small magnetic fields and display a distinct WAL maximum at B ∼ 0.8 T, see Fig. 1 (a) . Fits using Eq. (8) describe the data over the full measured magnetic field range, indicating a triple spin winding. The maximum value of the extracted spin-orbit field is given by B so = 0.24 T.
The second fitting parameter is the inelastic scattering field B i . At temperatures as high as 70 K, B i clearly exceeds B so , accessing the WL regime, see Fig. 1 (b) . Here the magnetoresistance is steadily decreasing for all magnetic fields. Below, the WAL quantum correction can be extracted for temperatures up to 25 K, which we use as a reference temperature T ref in the following analysis. We estimate the temperature dependence of B i up to T ref to be described by an exponent α = 1.58 as well as by a constant contribution for zero temperature, γ = 17 mT, see Fig. 1 (c) .
Before proceeding with the analysis of the temperature dependence of the sheet resistance, we like to discuss the unambiguousness of our WAL analysis. Positive magnetoresistance typically results from several origins: (a) multi-carrier Hall effect, (b) magnetism, (c) superconducting fluctuations [40] [41] [42] , (d) EEI 11, 12, 38 , or (e) WAL. A multi-carrier Hall effect (a) does not only affect the sheet resistance, but also most prominently the Hall measurement in form of non-linear contributions. However, as already addressed above, the Hall signal is linear in all of our samples even up to 14 T (see Appendix A) and a multi-carrier effect can be excluded. There is also no obvious signature of magnetism in our samples (b), e. g., no hysteresis is observed in magnetotransport. In addition, we see no indications for superconductivity even at temperatures as low as 1.8 K, therefore an imprint of superconducting fluctuations (c) is hardly probable. It remains to differentiate the impact of EEI (d) versus WAL (e) on magnetotransport.
The appearance of sizable EEI has been reported in several oxide heterostructures, in particular along with positive magnetoresistance 43 . However, this quantum correction provides a distinct magnetic field behavior in two dimensions: the increase of resistance is quadratic and positive in small magnetic fields and logarithmically increasing for higher fields, see Eq. (11). The observed distinct maximum with a decreasing or even negative resistance for higher magnetic fields cannot be explained in the scope of EEI. Any interaction contribution in the magnetotransport data must therefore be much smaller than the quantum interference contribution. Furthermore, the amplitude of the observed magnetoresistance is rather large: the WAL fits provide values of the inelastic scattering field of B i ∼ 20 mT for low temperatures (see Fig. 1 ). Considering Eq. (9) , this corresponds to a prefactor that is several orders of magnitudes higher than any realistic prefactor in Eq. (11), whereB ∼ 1 for the relevant temperature regime.
Therefore, WAL (e) is the dominant effect that is in agreement with our magnetotransport data, reinforced by the perfect viability of the WAL fits with their realistic fitting parameters.
B. Analysis of Sheet Resistance
Now we turn to the temperature dependence of the resistance. The sheet resistance shows a minimum for an intermediate temperature regime (around 50 K) and increases for decreasing temperature (see Fig. 2 ). The minimum can be well explained by thermally activated 
dislocation scattering
43 . An additional sheet resistance increase for lower temperatures, however, is not anticipated from the magnetoresistance analysis. The WAL in the regime B so B i is associated with a quantum correction that is decreasing jointly with temperature, raising the expectation for a metallic ground state. Furthermore, as we observe only one conduction channel (see Appendix A), a simultaneous occurrence of WL accompanied by WAL is hardly probable.
As shown in Sec. III, the magnetoresistance for fixed temperature and the temperature-dependent resistance for fixed field (i. e. zero magnetic field) are described by the same analytical expression. As we have excluded further effects contributing to the magnetoresistance, we extrapolate the WAL correction,
to zero magnetic field, see Fig. 3 . Here we use the extracted spin-orbit field B so = 0.25 T and T ref = 25 K as the reference temperature. This extrapolated WAL contribution is then subtracted from the measured temperature dependent resistances. With this adjustment, the positive logarithmic temperature dependence at low temperatures is even enlarged, see Fig. 2 (b) . A fit of the resulting progression using the EEI correction, Eq. (10), provides a screening factor of ζ = 0.84, which corresponds to weak screening and is in good agreement with charge carrier densities of 10 12 cm −2 , extracted in Hall measurements (see Appendix A).
Seemingly contradicting logarithmic dependences have also been discussed recently in the literature, e. g., in single crystal thin films of Bi 2 Se 3 44, 45 . In these topological systems, a combination of two-dimensional quantum corrections of WAL and EEI has been used to describe the measured data. However, we like to emphasize several aspects that are notably different in our data. First, the Bi 2 Se 3 samples show a multi-band signature in both the Hall as well the magnetoresistance data, but this signature has not been treated in this framework. In our case we find a clear single-band behavior instead. Secondly, the Bi 2 Se 3 magnetotransport data have been discussed for magnetic fields considerably smaller than the field that corresponds to the hypothetical WAL maximum. We stress that our data cannot be explained over the full measured field range with this approach: the negative magnetoresistance for large fields, which is a main feature of quantum interference, is not captured by such an analysis. As far as we know, this issue is still not solved in more recent analyses, where the properties in higher magnetic fields are neglected 46, 47 . With the data evaluation suggested in this article, we consistently explain the magnetic field and temperature dependence jointly over the full accessible measured ranges: Even when EEI is not pronounced in magnetotransport, it nonetheless plays a dominant role in the temperature dependence of the sheet resistance. Especially in the case of weak screening, i. e., ζ ∼ 1, the magnetic field dependence in Eq. (11) vanishes, whereas the logarithmic temperature effect from EEI in Eq. (10) persists. The magnetoresistance even shows an amplitude that exceeds the possible range of the EEI contribution independently of the screening effect by several orders of magnitude. Nevertheless, the screening has a strong impact on the temperature dependence of the sheet resistance.
V. SUMMARY
In conclusion, we investigated electronic transport in thin films of BaPbO 3 down to low temperatures and up to high magnetic fields. The large amplitude observed in the magnetoresistance as well as the distinct maximum cannot be explained within the scope of electron-electron interaction, but are both perfectly described by weak antilocalization with strong spin-orbit coupling as well as weak inelastic scattering.
Our analysis had a clear course of action: first, we analyzed the temperature dependence of the weak antilocalization correction in our magnetoresistance data. From there, we determined the sheet resistance by extrapolation to the respective zero magnetic field contribution of the magnetoresistance. This zero magnetic field behavior, however, does not provide a simple logarithmic temperature dependence due to the finite inelastic field B i at zero temperature. Only the data that are adjusted by subtraction of the weak antilocalization contribution display a plain logarithmic temperature dependence. This logarithmic dependence can in turn be interpreted with quantum corrections that result from electron-electron interaction for a weakly screened case, despite the negligible influence of interactions in the magnetoresistance. Therefore, quantum corrections due to a mostly unscreened electron-electron interaction together with weak antilocalization provide a full quantitative understanding of our measured transport data.
The lack of screening suppresses the effect of electronelectron interaction even further in the magnetoresistance, but its impact on the ground state of the electronic system is rather crucial. In the investigated BaPbO 3 films, the almost unscreened interaction is found to result in a positive contribution to the resistance for low temperatures-preempting a non-metallic state in spite of weak antilocalization.
Further investigations are needed to study the screening in these systems. Control of screening will allow to fine-tune the effect of electron-electron interaction to a scenario where ζ 1/2, that is, where weak antilocalization predominates and the ground state is expected to be metallic. Further, we consider it worthwhile to investigate these specific properties of BaPbO 3 also in oxide heterostructures such as BaPbO 3 -BaBiO 3 19 , where BaPbO 3 is in close vicinity to a charge-ordered insulator, or in interference with helical surface states of topological thin films.
The same data analysis procedure as shown in the main text also holds for other samples. We show exemplarily the results for a sample of a BaPbO 3 thin film of thickness 21.3 nm. The spin-orbit field is smaller in the thicker sample as it has been in the thinner sample discussed in the main text, see Fig. 5 . Again, the extrap- olation of the weak antilocalization to zero fields allows to subtract the effect of quantum interference from the temperature dependent measurements, see Fig. 6 . The remaining logarithmic increase of the resistance towards lower temperatures can be allocated unambiguously to EEI. In this case, the screening is nearly completely vanishing described by ζ = 0.97.
